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Introduction.
Glycosylation of prokaryotic proteins is now well accepted and examples of N-and Oglycosylation and of attachment of GPI anchors can now be found in the literature (1, 2) .
However, in contrast to eukaryotic glycosylation systems, prokaryotic systems display considerable diversity in the structure of the respective glycans and the proximal monosaccharide linkage. As a consequence there is considerable interest in determining the structural and genetic basis of glycan production amongst these diverse prokaryotic systems.
The archaeal flagellum is a unique motility structure which is distinct from the well characterized bacterial flagellum (3) . In contrast to bacterial flagellar assembly, where newly synthesized flagellin is incorporated at the distal tip of the filament, it is believed that mature archaeal flagellin is incorporated at the base of the filament. In recent studies, the assembly of archaeal flagellum has been shown to more closely resemble a second bacterial motility system, the type IV pilus, where the structural protein, pilin, is synthesized with an unusual signal peptide and a hydrophobic Nterminus. In Archaea, signal peptidases have been shown to cleave a signal peptide of the preflagellin proteins to produce mature flagellin which is then incorporated into the filament (4) . Microbial strains and growth conditions. M. voltae cells were grown in Balch medium III under a headspace gas mixture of 80% H 2 /20% CO 2 at 37 o C as previously described (8) .
Flagellin and S-layer purification. Crude flagellar filament preparations were isolated by shearing, followed by banding in a KBr gradient (8) . For isolation of flagella containing some attached basal structure (whole intact flagella), cells were extracted with the non-ionic detergent OP-10 without prior flagella shearing as described by Bardy et al.
(6). S-layer protein was released from M. voltae membranes by heat treatment at 60°C
for 1h in 50 mM HEPES buffer as previously described (16) .
Preflagellin peptidase reaction.
A non glycosylated form of FlaB2 was produced in E.
coli as previously described (17) . This form has the signal peptide of FlaB2 still attached.
To remove this, E. coli membranes containing FlaB2 were used as substrate in an in vitro preflagellin peptidase assay using M. voltae membranes as a source of the preflagellin peptidase. Both the unprocessed and processed forms of FlaB2 are detected in a western blot using anti-flagellin antisera (17) . required the use of front-end collision induced dissociation to fragment the ions as they entered the mass spectrometer. This was achieved by increasing the orifice voltage from 30V to 90V. Selected fragment ions were then analyzed by MS/MS as described above.
Enzymatic digestion of flagellin and S-layer protein. Flagellin or S-layer
This method was used to determine the site of glycan linkage and to generate fragment ion spectra of the glycan residue oxonium ions. Accurate mass measurement of the glycan oxonium ions in selected glycopeptide MS/MS spectra was achieved by using a number of the neighbouring peptide fragment ions as internal mass standards. Plausible elemental formulas were then generated for each glycan which greatly aided the process of identifying the unusual glycan moieties.
ß-elimination of tryptic peptides. To further confirm the nature of the glycan linkage, β-elimination was performed on a number of the glycopeptide-containing HPLC fractions (18) . Approximately 5 µL of the selected fractions were dried, dissolved in 100 µL of 25% ammonium hydroxide (aq) and allowed to stand at room temperature for 6-18 hr.
The samples were then evaporated to dryness, redissolved in 10 µL of 5% ACN, 5% acetic acid, desalted using a C 18 Ziptips (Millipore, Billerica, MA) and analyzed by MALDI-TOFMS in the manner described above. resonances within the glycan, and were performed as described previously (19, 20) .
Proton assignments were then used to identify cross-peaks in heteronuclear 1 H- 13 
MS/MS analysis of the glycan moiety.
Accurate mass measurements were performed on the glycan oxonium ions in the MS/MS spectra illustrated in Figure 2 in order to determine possible empirical formulae for the unknown glycans. The known masses of peptide fragment ions were used as internal standards in a manner similar to that described previously (12) . The accurate masses and the top-ranked, plausible elemental compositions are presented in Table 1 . The measured masses were within ±0.002 Da of the actual masses of the sugar residues as identified by NMR. The accurate mass and elemental formula for the N-linked sugar clearly indicated that this is an N-acetyl-hexosamine (HexNAc) while that for the 258 Da sugar suggested that this is a di-N-acetyl-hexuronic acid.
The m/z 259 and 319 glycan oxonium ions were examined by feCID-MS/MS (Fig 4) .
The fragmentation pattern for the m/z 259 ion was especially informative (Fig 4A) . The ion at m/z 200 (loss of 59 Da) likely comes from the loss of an N-acetyl group. The subsequent loss of a ketene (42 Da) from this ion yields the strong fragment ion at m/z 158.1 and suggests the presence of a second acetate group. Loss of formic acid (46 Da) forms the ion at m/z 112.0 and suggests the presence of a carboxylic acid moiety. This fragmentation pattern plus the putative elemental composition provided in Table 1 provided strong evidence indicating that this is a di-N-acetyl-hexuronic acid. 
S-layer protein glycosylation.
In the MS/MS analysis of peptides from the intact flagella preparation we identified peptides from other M. voltae proteins, in particular the S-layer protein.
There are 2 potential sites of N-linked glycosylation within the predicted sequence of this protein, and a tryptic peptide of increased mass due to an additional 779Da was found during the nanoLC-MS/MS analysis of flagellin extracts. To confirm if this protein was also glycosylated we digested a crude S-layer protein preparation and characterised a number of peptides by nanoLC-MS/MS (see supplemental data). We were able to obtain 59% coverage of the S layer protein (Fig 3) and we were also able to show that tryptic peptide T 75-91 which contains one of the N-linked sequons is indeed N-glycosylated with the 779
Da glycan (Fig 5) .
NMR structural analysis of the flagellin glycan.
Standard homo-and heteronuclear NMR techniques were used to completely characterize the structure of the novel N-linked flagellin glycan, which is presented in TOCSY and NOESY spectra obtained through selective excitation of the three anomeric protons in the glycan are presented in Figure 7 . The vicinal coupling constants (8) (9) (10) and H1-H3 and H1-H5 intra-residual NOEs associated with the spectra from the anomeric protons at 5.05 (Fig. 6, residue a) TOCSY spectra of the trisaccharide revealed the presence of a spin system consistent with that of the amino acid threonine, with signals proportional to proton resonances within the glycan units. In the HMBC spectra, couplings were observed between the NH and CHα moieties of threonine, with the CH and carbonyl groups at positions 5 and 6 of residue c (Fig 8) , confirming that this amino acid is N-linked to residue c through an amide bond. Due to the small amount of purified material, optical experiments needed to determine the chiral configuration of threonine could not be performed. It is also worth noting that the small amount of glycan available for analysis by NMR presented difficulties with regard to sensitivity. Signal-to-noise improvement was achieved through the use of a cold-probe in experiments run on the spectrometer operating at 600 MHz, which enabled the acquisition of insensitive spectra (e.g. 1 H-13 C
HMBC) within reasonable periods of time (overnight).
Proton assignments deduced from homonuclear spectra enabled the identification of cross-peaks in carbon-correlated proton spectra of the trisaccharide ( Table 2) a. This linkage pattern was confirmed through the observation of appropriate inter-residual couplings in 1 H-13 C HMBC spectra, and inter-residual NOEs, H1b-H3a and H1c-H4b in the NOESY spectra (Fig 7B) . Hence, the N-linked glycan structure was determined to be
The absolute configuration of the sugars could not be determined due to the low amount of material available. However, in previous structural studies of glycans containing these sugars, only the D-configuration has been found.
Discussion
Our results demonstrate that the flagellin structural proteins FlaA, B1, B2 and B3 and the S-layer protein of M. voltae are uniquely modified with a novel N-linked trisaccharide.
These findings confirm previous indirect reports of glycosylation for both these important surface associated proteins in Methanococcus (3). While S-layer protein glycosylation has been extensively studied for a number of archaeal species (for review (2, 29) , prior to this work, detailed structural characterisation of flagellin glycosylation was available for only a single species. The flagellin and S-layer proteins of H. salinarum were shown to be N-glycosylated with sulphated oligosaccharides (11, 30) . Archaeal flagellins are believed to cross the cytoplasmic membrane, most likely via a Sec secretion pathway, and so would be exposed to a similar processing environment as the S-layer proteins (33) (34) (35) . Interestingly, in C. jejuni an N-linked glycosylation pathway has been described which was shown to glycosylate a diverse group of cell surface and periplasmic proteins with a unique oligosaccharide (20, 36) . It now remains to be serine and alanine has been previously reported (38) (39) (40) although the biological role of the unique terminal N-acetyl mannuronic acid described here bearing such a modification remains unknown. Of particular significance in this current study is the characterisation of β-GlcNAc as the linkage sugar to asparagine for this novel glycan. This linkage is the same as that used in higher organisms for the attachment of a large number of complex and polymannose oligosaccharides which have considerable biological significance (41) (42) (43) and so points to the potential of utilising selected bacterial strains or recombinant enzymes from these strains for glycoengineering purposes as described recently (44) .
Preliminary characterization of a number of other prokaryotic glycoproteins (for review, 
Footnotes
The abbreviations used are: COSY, correlated spectroscopy; DAD, diode array detector; DHB, dihydroxybenzoic acid; ESI-MS, electrospray ionisation mass spectrometry;
feCID-MS/MS, front end collision induced dissociation mass spectroscopy; GlcNAc, 2-acetamido-2-deoxy-glucose; GlcNAc3NAcA, 2,3-diacetamido-2,3-dideoxy-glucuronic acid; HexNAc, N-acetyl hexosamine; HMBC, heteronuclear multiple bond coherence;
HSQC, heteronuclear single quantum coherence; ManNAcA, 2-acetamido-2-deoxymannuronic acid; MS, mass spectrometry; MALDI-TOFMS, matrix assisted laser desorption ionization/ time of flight mass spectrometer; NMR, nuclear magnetic resonance; NOESY, nuclear Overhauser effect spectroscopy; TOCSY, total correlation spectroscopy. Residue and atom numbers correspond to the glycan structure presented in Fig 6. 
